Although functional imaging studies have frequently examined age-related changes in neural recruitment during cognitive tasks, much less is known about such changes during motor performance. In the present study, we used functional magnetic resonance imaging to investigate age-related changes in cyclical hand and/or foot movements across different degrees of complexity. Right-handed volunteers (11 young, 10 old) were scanned while performing isolated flexion-extension movements of the right wrist and foot as well as their coordination, according to the "easy" isodirectional and "difficult" nonisodirectional mode. Findings revealed activation of a typical motor network in both age groups, but several additional brain areas were involved in the elderly. Regardless of the performed motor task, the elderly exhibited additional activation in areas involved in sensory processing and integration, such as contralateral anterior insula, frontal operculum, superior temporal gyrus, supramarginal gyrus, secondary somatosensory area, and ipsilateral precuneus. Age-related activation differences during coordination of both segments were additionally observed in areas reflecting increased cognitive monitoring of motor performance, such as the pre-supplementary motor area, pre-dorsal premotor area, rostral cingulate, and prefrontal cortex. In the most complex coordination task, the elderly exhibited additional activation in anterior rostral cingulate and dorsolateral prefrontal cortex, known to be involved in suppression of prepotent response tendencies and inhibitory cognitive control. Overall, these findings are indicative of an age-related shift along the continuum from automatic to more controlled processing of movement. This increased cognitive monitoring of movement refers to enhanced attentional deployment, more pronounced processing of sensory information, and intersensory integration.
Introduction
It is well documented that normal aging is associated with deterioration in cognitive (Park et al., 2003; Hedden and Gabrieli, 2004) and motor functioning (Spirduso, 1982; Welford, 1988; Seidler and Stelmach, 1995) . Particularly with respect to cognitive aging, neuroimaging studies have demonstrated repeatedly that older individuals demonstrate differential activity in the same brain areas or use other brain areas when compared with younger subjects, even when behavioral performance is matched (Grady, 2000; Cabeza, 2001; Reuter-Lorenz, 2002; Hedden and Gabrieli, 2004) . These altered brain activity patterns in the elderly possibly represent adaptive plasticity within the face of agerelated neurodegenerative and neurochemical changes in the brain to maintain performance (Grady et al., 1994; Cabeza et al., 1997; Buckner, 2004) .
Although cognitive aspects have been studied quite frequently, much less is known about age-related changes in brain activity during motor tasks. First, neuroimaging studies revealed that elderly subjects exhibit altered brain activation patterns during simple isolated finger movements (Calautti et al., 2001; Hutchinson et al., 2002; Mattay et al., 2002) or hand movements (Hutchinson et al., 2002; Ward and Frackowiak, 2003) . However, it remains essentially unresolved which brain areas are recruited by the elderly during the performance of more complex cyclical interlimb coordination tasks. Coordination is of primary concern to aging adults, because it is intrinsic to many activities of daily living, such as walking, dressing, and driving a vehicle. The loss of the ability to produce smooth coordinated muscle activity will result in a higher risk of falling (de Rekeneire et al., 2003) and a decreased functional and social independence (Spirduso, 1995) . Moreover, previous work has shown that different control mechanisms emerge during the coordination of two or more limbs compared with isolated limb movements. Thus, although elderly subjects and pathological groups often produce isolated limb movements successfully, they encounter pronounced difficulties when limbs have to be coordinated (Swinnen, 2002) .
In the present study, we used functional magnetic resonance imaging (fMRI) to identify, for the first time in seniors, the neural basis of complex interlimb movement patterns, which require similar coordinative mechanisms as locomotion. Brain activations in young and older adults were compared during the per-formance of isolated rhythmical hand/foot movements as well as during their coordination, whereby both limbs moved either in the same direction (isodirectional) or in opposite directions (nonisodirectional). Previous behavioral work has shown convincingly that nonisodirectional patterns are more difficult and are produced with lower accuracy and stability than isodirectional patterns in normal subjects (Baldissera et al., 1982 (Baldissera et al., , 1991 Kelso and Jeka, 1992; Carson et al., 1995; Serrien et al., 2000) and in Parkinson and stroke patients (Swinnen et al., 1997; Debaere et al., 2001b) . Accordingly, the aforementioned conditions represented a gradient of complexity, ranging from isolated to coordinated limb movements of different difficulty levels.
We hypothesized that isolated, as well as coordinated, hand and foot movements would activate a network, which is more widespread and reflects increased recruitment of cognitive resources in the elderly compared with the young subjects. Furthermore, age-related activation differences were expected to increase as a function of task difficulty, primarily in nonmotor areas.
Materials and Methods

Participants
Twenty-four volunteers participated in the study, including 12 young adults (mean, 22.4 years of age; range, 20 -25 years of age; six women and six men) and 12 older adults (mean, 64.8 years of age; range, 62-71 years of age; six women and six men). Imaging data of one young and two older subjects contained artifacts and were excluded from all analyses. All participants were right-handed, as assessed by the Edinburgh Handedness Inventory (Oldfield, 1971) . None reported a history of neurological disease or skeletomotor dysfunction or was taking psychoactive or vasoactive medication. General cognitive functions were assessed using the Mini-Mental State Examination (Folstein et al., 1975) . All participants scored within normal limits (score Ն26). Participants were informed about the experimental procedures and provided written informed consent. The study design was approved by the local Ethics Committee of Biomedical Research at Katholieke Universiteit Leuven and was performed in accordance with the ethical standards of the 1964 Declaration of Helsinki.
Experimental design
Task. The participants performed five different conditions consisting of four movement tasks and one rest (REST) condition in which no movements were performed. The movement tasks were composed of isolated cyclical flexion-extension movements of the right wrist (HAND) and right ankle (FOOT) and cyclical coordination of the hand and foot according to the isodirectional (ISODIR) and nonisodirectional (NONI-SODIR) mode. During ISODIR coordination, both limb segments were moved in the same direction (i.e., hand flexion together with foot flexion). During NONISODIR coordination, segments were moved in opposite directions (i.e., hand flexion combined with foot extension) (Fig.  1 ). This set of conditions enabled us to assess age-related brain activations across different degrees of coordinative complexity. To our knowledge, this is the most complex gross motor task that has been studied so far in elderly subjects using medical imaging technologies. It also shares some similarities with locomotion.
During scanning, participants lay supine inside the scanner. The lower legs were supported by a cushion to ensure free-ankle rotation. The right arm was extended along the trunk, and the distal part of the arm was supported to enable free movements of the wrist. The wrist and foot were positioned in a nonferromagnetic wrist-hand and ankle-foot orthosis, respectively. Movements were restricted to the sagittal plane. The frictionless axis of the orthosis was aligned with the anatomical axis of the joint such that movements were not hindered. Angular displacements of the joints were registered by means of high-precision shaft encoders (HP; 4096 pulses per revolution; sampled at 100 Hz) fixed to the movement axis of the orthosis. This nonferromagnetic kinematic registration device enabled us to register movements on-line during brain scanning and free of interference. It allowed a direct mapping between obtained kinematics and brain scanning. Movements were limited to the wrist and ankle, whereas the other segments were kept still. A bite-bar was used to minimize head motion. Subjects were trained to look at a fixation cross, which was displayed in front of them at all times.
All five conditions were paced by an electronic metronome (DTM-12; KORG, Tokyo, Japan), whereby a full movement cycle was completed on every second beat (one beat for peak flexion and one for peak extension). The older adults performed five scanning runs at a movement frequency of 1 Hz, whereas the younger adults performed 10 runs, five at a movement frequency of 1 Hz and five at a movement frequency of 1.5 Hz. For purposes of equating difficulty level, however, we compared the older subjects' performance at 1 Hz to that of the younger subjects at 1.5 Hz. Indeed, previous work demonstrated that these cycling frequencies represented a comparable ratio to the maximal frequency at which these patterns could be performed successfully by both groups (Heuninckx et al., 2004) . Between the different scanning runs, rest periods of 3 min were provided.
One or 2 d before the experimental session, a 45 min practice was provided in a dummy-scanner to ensure correct performances. For all four movement conditions, participants were trained to move their hand and foot, respectively, with amplitudes between 20 and 30°. Additionally, subjects were trained to avoid eye movements and to look at the fixation cross.
Scanning procedure. The MR images were acquired in a 3-T Intera MR scanner (Philips, Best, The Netherlands), using a six-element SENSE head coil (MRI Devices, Waukesha, WI). Functional time series consisted of 105 whole-brain gradient-echo echoplanar images (EPIs) [repetition time (TR)/echo time (TE), 3000/33 ms; field of view, 230 mm; matrix, 112 ϫ 112; slice thickness, 4.0 mm; interslice gap, 0.4 mm; 34 sagittal slices; SENSE factor, 2]. Each time series contained three blocks of the five conditions. Each condition lasted for 21 s (corresponding to seven whole-brain images) and was triggered by a visual template displaying the task to be performed. The different task conditions were randomized across subjects and runs. Each scanning session ended with the acquisition of a three-dimension SENSE high-resolution T1-weighted image (TR/TE, 9.68/4.6 ms; inversion time, 1100 ms; field of view, 250 mm; matrix, 256 ϫ 256; slice thickness, 1.2 mm; 182 slices; SENSE factor, 2) for anatomical detail.
Data analyses
Kinematic analysis. The coordination between the limb segments was assessed by means of a relative phase measure, which is the subtraction of the phase angles of each limb according to the following formula:
, where w and f denote wrist and foot, respectively, w refers to the phase of the wrist movement at each sample, X w is the position of the wrist after rescaling to the interval [Ϫ1,1] for each cycle of oscillation, and dX w /dt is the normalized Figure 1 . Cyclical ipsilateral coordination of the hand and foot according to the isodirectional mode (A) (both limb segments are moved in the same direction) and the nonisodirectional mode (B) (both segments are moved in opposite directions).
instantaneous velocity. Absolute deviations from the target relative phase (i.e., 0 and 180°for ISODIR and NONISODIR coordination, respectively) were calculated to obtain a measure of relative phase accuracy (phase error). The SD of relative phase was used as an estimate of movement pattern stability. In addition to the relative phase measures, cycle durations and amplitude of the limb movements were quantified. Cycle duration was defined as the time that elapsed between successive peak extension positions. The spatial measure consisted of the absolute value of the peak-to-peak amplitude for each individual cycle.
For the statistical analysis, the above parameters were determined for each condition and subsequently averaged across repetitions and runs. All statistical analyses consisted of repeated-measures ANOVAs with the between-factor group (young, old) and the within-factors mode (single limb, ISODIR, NONISODIR) and limb (hand, foot). Post hoc Tukey's tests were performed when necessary for significant interactions. The ␣-level of significance was set to ␣ ϭ 0.05.
Imaging analysis. Imaging data were analyzed with Statistical Parametric Mapping 2 (SPM2) (Wellcome Department of Cognitive Neurology, London, UK) implemented in MatLab 6.5 (MathWorks, Natick, MA). For each subject, all EPI volumes were realigned to the first volume of the first time series, and a mean image of the realigned volumes was created. This mean image was smoothed with a Gaussian kernel of 6 mm full width at half maximum (FWHM) and coregistered to the anatomical T1-weighted image. To normalize the anatomical image as well as the EPIs to a standard reference system (Talairach and Tournoux, 1988) , the following procedure was applied. First, the anatomical image as well as a representative template image [Montreal Neurological Institute (MNI)] were segmented into gray matter, white matter, and CSF. Then, the anatomical gray matter image was smoothed (6 mm FWHM) and normalized to the gray matter of the MNI brain. Subsequently, the derived normalization parameters were applied to the EPI images, which were subsampled to a voxel size of 2 ϫ 2 ϫ 2 mm and smoothed with a Gaussian kernel of 10 mm FWHM. All statistical analyses were performed in the context of the general linear model (Friston et al., 1995a,b) . Each condition was modeled using a delayed boxcar function convolved with the SPM2 hemodynamic response function. An appropriate high-pass filter was applied to remove low-frequency drifts. Additionally, movement parameters derived from realignment were added as covariates of no interest to correct for confounding effects induced by head movement. Contrasts of interest were first estimated for each subject individually (averaging activation across runs) and then subjected to a second-level, random-effects analysis.
In the first step, within-group activation was calculated by contrasting each movement condition with REST and applying a second-level t test. The results of these analyses were corrected for multiple comparisons by applying a false discovery rate (FDR) procedure (Genovese et al., 2002) . Note that the FDR correction is adaptive to the signal extent, which can result in different t thresholds for the calculated contrasts. To overcome this problem, we calculated a common t threshold (t Ͼ 6.98) across all contrasts of interest, ensuring an overall FDR with p Ͻ 0.001 (http://www.sph.umich.edu/ϳni-chols/FDR/multFDR.m). The resulting 0.001 FDR threshold controls the fraction of false positives among all of the suprathreshold voxels in all contrasts considered. The minimum cluster size was set to 10 voxels.
In a second step, between-group comparisons were made by means of independent t tests. To compare which areas were differentially activated in old versus young subjects for isolated limb movements, the following conjunction was calculated: [(Hand-Rest) versus REST overlaid on standard MNI renders and templates. Significant voxels ( p Ͻ 0.001; corrected for multiple comparisons) are indicated in blue for the old group, in yellow for the young group, and in green for overlap between activation of both groups; in each, the height threshold is t ϭ 6.98. L, Left hemisphere; R, right hemisphere. sons, FDR correction was applied, ensuring an overall p Ͻ 0.05 (i.e., t Ͼ 3.60).
Results
Kinematic data
The kinematic data were successfully recorded on-line during the fMRI scanning sessions. Mean values of movement accuracy, stability, amplitude, and cycle duration are shown for both groups in Table 1 .
Relative phase measures
Analyses of relative phase error (coordination accuracy) and analysis of the SD of relative phase (coordination stability) were assessed by a 2 ϫ 2 (group ϫ coordination mode) ANOVA with repeated measures on the last factor. The analysis of relative phase error did not reveal any significant effect, which indicates that there were no significant differences between both groups (F (1,19) ϭ 0.4; p ϭ 0.54) and between coordination modes (F (1,19) ϭ 2.4; p ϭ 0.13).
In contrast, the coordination stability analysis revealed a significant main effect of coordination mode (F (1,19) ϭ 9.9; p Ͻ 0.01) and group (F (1,19) ϭ 6.5; p Ͻ 0.05). In accordance with the literature, ISODIR coordination was performed with higher stability than NONISODIR coordination. Coordination performance of the older participants was slightly less stable than that of the younger subjects, notwithstanding the fact that different cycling frequencies were used to correct for task difficulty levels between both groups (i.e., 1 Hz vs 1.5 Hz for the elderly vs young adults, respectively).
Amplitude and cycle duration measures
Analysis of amplitude was assessed by a 2 ϫ 2 ϫ 3 (group ϫ limb ϫ mode) ANOVA with repeated measures on the last two factors. Although this analysis revealed small but significant amplitude variations across limbs (F (1,19) Analysis of cycle duration revealed that both the younger and older subjects complied well with the rhythm of the metronome across all conditions.
fMRI data Group mean versus rest contrasts for isolated limb movements
Areas significantly activated by isolated HAND and FOOT movements compared with REST are shown in Figure 2 , A and B, for both the old (blue) and the young (yellow) subjects (for coordinates and t values, see supplemental Tables 1* and 2*, available at www.jneurosci.org as supplemental material).
In the young group, the activation pattern for HAND movement (Fig. 2 A) consisted only of the left primary sensorimotor cortex (SM1) and right anterior cerebellum. The same brain areas were also activated in the elderly during HAND movement (Fig.  2 A, green overlap) . However, even for isolated HAND movement, the activation pattern in the elderly was more extended (i.e., SM1 activation extended to precentral midline areas) and additional brain regions were involved [e.g., left anterior insular cortex, dorsal premotor area (PMd), and secondary somatosensory area (S2)]. For the cerebellum, the elderly but not the young subjects exhibited bilateral activation in the anterior and posterior lobe.
For isolated FOOT movements (Fig. 2 B) , a similar picture of results was observed. The activation pattern of the older group was even more diffuse than for the HAND movements, and some additional regions were activated bilaterally [e.g., inferior frontal gyrus pars opercularis (IFGPO), inferior frontal sulcus, S2, and anterior cerebellar regions].
These differences between the young and the old subjects were studied in additional detail by means of a statistical analysis directly contrasting the isolated limb movements between both groups.
Old-young group differences during isolated limb movements Group differences in task-related blood oxygenation level dependent (BOLD) responses during isolated limb movements were studied by means of a conjunction analysis, which identifies between-group differences in those regions that are common to both isolated limb movement conditions. Compared with the young group, the pattern of activation in the old group was more widespread (Fig. 3, Table 2 ). The old group exhibited significantly higher activation than the young group in a relatively large cluster with peak activation in the left anterior insular cortex (Fig. 3E ). In addition, larger activation for the old group was observed in the left IFGPO (Fig. 3C) , left superior temporal gyrus (Fig. 3D) , left inferior postcentral sulcus/S2 (Fig. 3B) , left supramarginal gyrus (Fig. 3B) , and left fusiform gyrus (Fig. 3F ) . Finally, the old group exhibited significantly higher activation than the young group in a superior parietal cluster with peak activation in the right precuneus (Fig. 3A) .
No region was significantly more activated in the younger group than in the older group.
Group mean versus rest contrasts for coordination patterns
The general network for producing the hand-foot coordination patterns was established first in both experimental groups before identifying between-group differences in brain activation (Fig. 2C,D) (supplemental Tables 3* and 4*, available at www.jneurosci.org as supplemental material).
In the younger group, performing the ISODIR coordination pattern involved primarily the same brain areas as for isolated limb movements (i.e., left SM1 and right anterior cerebellum) albeit in larger clusters. Furthermore, some additional areas were activated [i.e., supplementary motor area (SMA), caudal cingulate cortex (CCC), left PMd, and right posterior cerebellum] (Fig. 2C) . The same brain areas were also activated in the elderly during ISODIR coordination (Fig. 2C, green  overlap) . However, the activation pattern in the elderly was more extended, and additional regions were involved (e.g., superior temporal, angular, and fusiform gyrus).
Performance of NONISODIR coordination in the young group resulted in a similar pattern of results (Fig. 2 D) as for ISODIR coordination. However, the activation pattern of NONISODIR coordination in the elderly (Fig. 2 D) was much more extended, and additional regions were recruited, including the inferior frontal sulcus, middle frontal gyrus, rostral cingulate cortex (RCC), and supramarginal and middle occipital gyrus. Moreover, during NONISODIR but not during ISODIR, some of the additionally involved regions were activated bilaterally, including the superior temporal gyrus, superior parietal gyrus, S2, and anterior and posterior cerebellar regions.
Old-young group differences for coordination movements
Group differences in brain activation during the performance of ISODIR and NONISODIR coordination patterns were studied by means of a conjunction analysis, which yields between-group differences common to both coordination modes.
Compared with the young group, the pattern of activation in the old group was more widespread (Fig. 4, Table 3 ). The old group exhibited significantly larger activation than the young group in the left anterior insular cortex (Fig. 4 E) , left IFGPO (Fig.  4C ), left S2 (Fig. 4 B) , left superior temporal gyrus (Fig. 4 D) , left supramarginal gyrus (Fig. 4 B) , left fusiform gyrus (Fig. 4 F) , and right precuneus (Fig. 4 A) . Remarkably, these seven regions demonstrated already significantly higher activation in older subjects compared with younger subjects in the isolated limb conjunction analysis (Fig. 3, Table 2 ). The bar plots in Figure 4 display the estimated BOLD responses for the four different movement con- ditions in the elderly (blue) and younger (yellow) subjects. From these bar plots, it can be inferred that the BOLD responses in nearly all of the seven regions (Fig. 4 A-F ) were more or less equally high across the four movement conditions in the older group. In addition to these brain regions, the old group demonstrated significantly higher activation than the young group, which was specific to the coordination demands arising from combining hand and foot movements. These activations were located in the prefrontal cortex (PFC) (i.e., in the left inferior frontal sulcus), the ventral premotor cortex (PMv) (i.e., in the left inferior precentral sulcus) (Fig. 4 J) , the left and right superior frontal gyrus anterior from the ventral plane through the anterior commissure corresponding to the pre-SMA (Fig. 4 H) , the rostral part of the PMd ϳ22 mm anterior to the movement-related activation in M1 corresponding to the pre-PMd (Fig. 4G) , the right RCC (Fig. 4 I) , the left angular gyrus, the left anterior cerebellum (Fig. 4 K) , and the left and right posterior cerebellum (Fig. 4 L,  Table 3 ). The bar plots from Figure 4G -L demonstrate that the BOLD responses in almost all of these regions increased for the coordination tasks and particularly when the more demanding NONISO condition was performed. This trend was observed for both groups but was much more pronounced in the older group.
Old-young group differences for ISODIR versus NONISODIR coordination
Finally, we studied the between-group differences with respect to the comparison of nonisodirectional versus isodirectional handfoot movements. The direct comparison of both coordination modes between older and younger subjects revealed an activation pattern in prefrontal, precentral, parietal, and occipital cortical regions as well as in the cerebellum (Fig. 5, Table 4 ). Some of these areas are typically activated during complex coordination tasks (i.e., left and right PMd) (Fig. 5A-C) , left posterior parietal cortex, near the parieto-occipital fissure (Fig. 5C) , and the cerebellar hemispheres and vermis (Fig. 5G,H ) Wenderoth et al., 2004b) . Furthermore, activation was observed in prefrontal areas [i.e., in the left anterior rostral cingulate cortex (aRCC)] (Fig. 5D) , left superior frontal gyrus, corresponding to the pre-SMA (Fig. 5A) , and middle frontal gyrus, corresponding to the dorsolateral prefrontal cortex (DLPFC) (Fig. 5D) . Additional activation was also observed in the left insula (Fig. 5F ) . Finally, additional activation in the elderly was observed in the left and right middle occipital gyrus (Fig. 5E) .
Discussion
In the present study, we investigated age-related changes in the neural basis of cyclical isolated and coordinated hand-foot movements. Across all motor tasks, we found that the elderly exhibited stronger and more extended brain activation than the young subjects. The kinematic data suggested that task difficulty was reasonably matched between groups, such that the observed surplus activation in the elderly cannot only be explained by differences in motor output between both age groups. This additional recruitment is hypothesized to reflect compensation for age-related declines in neural functioning and/or difficulties in recruiting specialized neural mechanisms (Cabeza, 2002; Logan et al., 2002; Reuter-Lorenz, 2002; Buckner, 2004) .
Below, we will focus on the direct comparison between young and old subjects and discuss the following three findings: (1) differential activations observed during both isolated and coordinated hand-foot movements, (2) differential activations that appear unique to coordinated hand-foot movements, and (3) differential activations during the direct comparison of the complex (NONISODIR) versus the simple (ISODIR) coordination mode.
Additional brain activation in the elderly during both isolated and coordinated movements
Regardless of the performed motor task, older subjects showed additional activation in large clusters surrounding the left frontal operculum, with peak activation in the anterior insular cortex, IFGPO, and superior temporal gyrus. This is in agreement with previous studies using auditory-paced movements, yielding higher frontal operculum activation in old compared with young subjects (Hutchinson et al., 2002) . These areas seem to be involved in higher-order auditory processing (Platel et al., 1997; Bamiou et al., 2003; Thaut, 2003) and particularly in motor synchronization to an auditory rhythm (Thaut, 2003; Lewis et al., 2004) . Accordingly, the observed additional activation around the frontal operculum suggests that the older subjects relied more pervasively on external information sources for controlling their limb movements by means of the metronome-pacing signal. This finding complies with the broader view that IFGPO is involved in interfacing external information about biological motion with internal representations of limb actions, as observed during movement observation, imitation, or imagery (Grezes et al., 1998; Iacoboni et al., 1999; Binkofski et al., 2000) . Similarly, the fusiform gyri, which were activated in the elderly but not in the young subjects, have been discussed in relation to movement observation (Bonda et al., 1996; Grezes et al., 1998) and imagery (Jahn et al., 2004) . Accordingly, the elevated activations in IFGPO and fusiform gyri are hypothesized to reflect the elderly's use of some form of visualization strategy to control their movements. The elderly also exhibited additional activation in the left S2, left supramarginal gyrus, and right precuneus, consistent with previous results comparing the activation of old versus young subjects during various simple motor tasks (Hutchinson et al., 2002; Mattay et al., 2002; Ward and Frackowiak, 2003) . These areas are known to be involved in the integration of somatosensory information to guide motor actions (Cavada and Goldman-Rakic, 1989; Kalaska et al., 1990; Ashe and Georgopoulos, 1994; Ferraina and Bianchi, 1994; Huttunen et al., 1996; Scott et al., 1997; Rizzolatti et al., 1998) . Additionally, they seem to be related to the attentional effort required by a specific motor skill (Hari et al., 1990; Garcia-Larrea et al., 1991; Mima et al., 1998; Lam et al., 1999) . These findings point to an increased focus on somatosensory processing to perform these rhythmical movements in the elderly.
Based on our findings, it appears that, even for the relatively simple movements, the elderly relied less than young subjects on automatized, internal movement generation. Instead, they activated additional areas reflecting higher-level processing and integration of auditory and somatosensory information to guide motor actions.
Coordination-specific additional activation in the elderly
During coordinated hand-foot movements, elderly subjects, compared with young subjects, exhibited additional activation contralateral in the anterior and bilateral in the posterior cerebellum. The increased activation of the cerebellum is not surprising, because it is known to be involved in multilimb coordination (Debaere et al., 2001a (Debaere et al., , 2003 Ramnani et al., 2001; Tracy et al., 2001; Meyer-Lindenberg et al., 2002; Ullen et al., 2003) , and it becomes increasingly activated when coordination complexity rises (Ullen et al., 2003; Debaere et al., 2004) . It has been hypothesized that cerebellar activity reflects increasing demands on motor timing (Ivry, 1997; Mima et al., 1999; Habas et al., 2004; Wenderoth et al., 2004b) and/or sensory processing (Jueptner et al., 1997; Bushara et al., 2001; Thickbroom et al., 2003) . Other coordination-specific activation in elderly subjects was observed in small spots in the PMv and in the left angular gyrus. Particularly, the PMv is activated during interlimb coordination (Ullen et al., 2003; Debaere et al., 2004) .
Interestingly, other regions not considered to represent classical "coordination areas" also exhibited higher coordinationspecific activation in the elderly than in the young subjects. The following regions were all located in the frontal lobe: pre-SMA, pre-PMd, RCC, and PFC. Pre-SMA and pre-PMd activation have emerged previously in age-related comparisons of hand grip and visually paced button-press tasks (Mattay et al., 2002; Ward and Frackowiak, 2003) . There is increasing agreement that these areas are more closely related to cognitive than to motor processes. More specifically, they are highly interconnected with the PFC (Keizer and Kuypers, 1989; Lu et al., 1994; Geyer et al., 2000) and become activated with increasing cognitive demands of a motor Figure 5 . A-H, Statistical parametric mappings representing significantly larger activation in the old group compared with the young group with respect to the comparison of nonisodir versus isodir hand-foot coordination. significant voxels ( p Ͻ 0.05; corrected for multiple comparisons) are indicated in the red spectrum, and the height threshold is t ϭ 3.60. l, left hemisphere; r, right hemisphere; og, occipital gyrus; ppc, posterior parietal cortex; ant. cerebellum, anterior cerebellum; post. cerebellum, posterior cerebellum. task (for review, see Picard and Strick, 2001 ). Interestingly, we have not observed activation of these areas in our previous coordination research on hand and/or foot movements in adolescents (Debaere et al., 2001a (Debaere et al., , 2003 Wenderoth et al., 2004a) . Overall, these findings suggest that, in the elderly, hand-food coordination strongly activated classical coordination areas but also several frontal regions interfacing motor control and cognition. This suggests that older subjects relied on increased cognitive monitoring of the more complex motor tasks, which is consistent with recent behavioral results (Holtzer et al., 2005) .
Additional brain activation in the elderly during complex versus simple coordination
Old-young group differences were studied in a direct comparison of the NONISODIR versus the ISODIR coordination mode. On the basis of previous studies, we expected the more difficult NONISODIR mode to result in the recruitment of additional "coordination areas," such as SMA, PMd, the posterior parietal cortex, and the cerebellum (Sadato et al., 1997; Stephan et al., 1999; Debaere et al., 2001a; Immisch et al., 2001; Ehrsson et al., 2002) . Indeed, all of these regions, except the SMA, were more activated in the elderly than in the young subjects during NONISODIR compared with ISODIR coordination.
However, in addition to these motor-specific areas, a nonmotor network also became activated in the elderly subjects. More specifically, we found increased activation in the DLPFC, pre-SMA, aRCC, left insula, and left and right middle occipital gyrus. Remarkably, all of the aforementioned regions were previously reported to be involved during conflict monitoring and/or inhibitory control, as assessed by Stroop, Go/NoGo, and Flanker tasks Carter et al., 1999; Garavan et al., 1999; Casey et al., 2000; Kiehl et al., 2000; Menon et al., 2001; Watanabe et al., 2002) . Particularly, the aRCC is generally active in error detection and in task conditions in which conflicting response tendencies need to be suppressed. Response inhibition has been shown to evoke a higher aRCC activity in old subjects compared with young subjects in cognitive tasks (Milham et al., 2002; Nielson et al., 2002) . The additional aRCC activation in the elderly observed in our task is hypothesized to reflect a larger effort to suppress the regression to the ISODIR mode, which often emerges spontaneously during the less stable NONISODIR pattern (Baldissera et al., 1982) . This represents an interesting example of generic brain areas that span the motor and cognitive domains.
Conclusions
The present study represents the first attempt to investigate the neural basis of age-related differences during rhythmical single limb and interlimb coordination patterns. All movements resulted in higher and more extended activation in the elderly compared with young subjects, although motor difficulty was matched between groups. Remarkably, no regions were significantly more activated in the younger group than in the older group. This differs from most studies on cognitive aging but is consistent with current research on motor performance (Calautti et al., 2001; Mattay et al., 2002; Ward and Frackowiak, 2003) . The pattern of more extended activation in the elderly became more pronounced with increasing task complexity. For all motor tasks, the elderly exhibited additional activation in higher-level sensorimotor areas reflecting increased reliance on sensory information processing. During coordination, additional activation was also observed in areas reflecting increased cognitive monitoring of motor performance. In the most complex coordination task, the elderly exhibited activation in areas mainly involved in inhibitory cognitive control, as required for suppressing prepotent response tendencies.
Overall, our findings suggest that aging is associated with a shift along the continuum from automatic to more controlled information processing for movement, as reflected by more pronounced intersensory processing and integration of information, and increased attentional effort. The elderly's increased deployment of neural resources during motor performance, and particularly the recruitment of generic areas that span the motor and cognitive domains, may account for the extra difficulties they encounter during multitasking, such as thinking or talking while walking (Lindenberger et al., 2000; Li et al., 2001 ). As such, the present findings have theoretical as well as clinical relevance for gerontology.
